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A new method is described for one-dimen- 
sional alignment of small particles such as 
biological cells. A drop of the particle suspen- 
sion is spread out on a flat disk or plate 
equipped with V-shaped grooves such as are 
present on a gramophone disk. After drying, 
the particles are located on the bottom of the 
grooves and are thus aligned in a one-dimen- 
sional array. The new alignment procedure is 
demonstrated with a suspension of fluores- 
cent polystyrene microspheres (diameter 3.8 
pm) and a suspension of the unicellular algae 
chlorella vulgaris (diameter about 3 pm). It 
appears that the alignment of cells and 
spheres is very good. 
When using microspheres, more than 95% 
of the particles in the grooves are located 
within +2 pm of the centre line of the groove. 
Based upon this cell-alignment principle, a 
new cytometer, named the cytodisk, is pro- 
posed. The proposed system has a number of 
advantages over the flow cytometer, among 
which is the unique ability of relocating a 
previously measured cell for further measure- 
ment or visual examination. 
A prototype of a cytodisk, developed for ini- 
tial test measurements, was built in our labo- 
ratory. The apparatus, constructed from a re- 
cord player and ordinary long-playing records, 
uses a simple mechanical tracking system and 
a single optical fiber for fluorescence excita- 
tion and detection. With this apparatus it is 
demonstrated that a cytodisk can indeed per- 
form quite well: A histogram of fluorescing 
microspheres could be measured with a coef- 
ficient of variation of 4.1%. The performance 
of this prototype is limited by the quality of 
the mechanical tracking system and the opti- 
cal system used. It is expected that consider- 
able improvements may be obtained by using 
a more sophisticated optical detection system 
such as the tracking system in use in optical 
disk players. 
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During the last decade, the application of flow cyto- 
meters for biological and medical research has increased 
almost exponentially. Although a number of useful im- 
provements and extensions have been applied to the 
original design, the basic concept of a flow cytometer 
has not changed (5,6): By applying the principle of hy- 
drodynamic focusing (3), the cells are forced to flow in a 
narrow stream while they cross an  intense light beam. 
The fluorescence and light scatter of each individual cell 
is then detected with a photodetector and analysed with 
a multichannel analyser. Due to the narrow hydrody- 
namic focusing of the cell stream, highly focused illumi- 
nation with light from a laser or arc lamp can be used. 
This yields a number of advantages. First, each individ- 
ual cell is illuminated with the same high intensity. 
Secondly, the fluorescence may be collected over a large 
solid angle and the fluorescence of a cell may be detected 
selectively against a relatively high background of the 
surrounding medium. Furthermore, the small measur- 
ing volume allows high speed analysis. For these rea- 
sons, flow cytometers have become sensitive and 
accurate devices for analysis of a variety of cells and 
cellular components. 
Some of the practical problems which are encountered 
when working with a flow cytometer are due to the flow 
system. The hydrodynamic system can easily be dis- 
turbed by dirt or airbubbles. Another disadvantage of 
the present flow system for cell alignment is that the 
cells may not be inspected or viewed during or after the 
first analysis unless real-time imaging is used or the 
cells are sorted out on a slide (8) or a tape (7) which can 
be viewed later on in a microscope. Therefore, we have 
tried to find a suitable alternative for the flow system. 
In principle, the hydrodynamic focusing in the flow 
chamber aligns the particles in a one-dimensional array 
which moves rapidly through the light spot. Here we 
describe a new method by which this can be done. We 
discovered that small particles can be aligned with great 
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precision on the bottom of the V-shaped grooves present 
on a gramophone record. This alignment can be realized 
by applying a suspension of the particles on the record 
and allowing the medium to evaporate. Due to surface 
tension forces, the particles are then forced to move to 
the bottom of the grooves. By using this alternative 
alignment procedure we constructed a prototype of a 
new type of cytometer, called the cytodisk. 
MATERIALS AND METHODS 
Green fluorescent microspheres with a diameter of 3.8 
pm were purchased from Polysciences (Polysciences Inc. 
Warrington, PA). The unicellular algae chlorella vul- 
garis were grown under constant illumination in a me- 
dium described by Hogenhout and Amesz (4). The 
photomicrographs were obtained with a Nikon Optiphot 
epi-illumination microscope. Alignment of the micros- 
pheres and the cells was obtained by the following pro- 
cedure. A few drops of the particle suspension are gently 
spread out by hand on the unmodulated (“silent”) 
grooves of a (PVC) gramophone record. We have used 
the silent grooves (about 30) present on the ERATO no. 
387012 33-rpm test record. The total length of these 
grooves is about 14 m. To fill these grooves with a water 
suspension, a total volume of about 25 p1 is needed, 
which is comparable to that of a single drop. After a few 
minutes at room temperature, the water has evaporated 
and the particles are located on the bottom of the 
grooves. The drying process is illustrated schematically 
in Figure 1. 
Particles and cells can be removed from the disk sim- 
ply by washing the record with a soap solution so that 
the record can be used again. The histogram of Figure 
10 was obtained with a home-made multichannel ana- 
lyser connected to an LSI 11/23 computer. 
RESULTS 
Particle Alignment in V-Shaped Grooves 
The particle alignment principle (see Fig. 1) was tested 
with a suspension of fluorescent microspheres (3.8 pm 
diameter). The results are shown by the photomicro- 
graphs of Figures 2 and 3, obtained with an epi-illumi- 
nation microscope. The record grooves, which have a 
width of about 80 pm and a depth of about 40 pm, are 
dark in the picture. The bright lines between the grooves 
are caused by the reflection of the flat upper surface of 
the record. The microspheres are clearly seen as small 
bright spots in the middle of the grooves. 
When the microscope is used as a fluorescence micro- 
scope by inserting proper filters, only the green fluores- 
cent particles are observed, indicating that the record 
material itself shows very little fluorescence when ex- 
cited at  about 480 nm. 
Similar results were obtained with suspensions of the 
unicellular algae chlorella vulgaris. These algae have a 
diameter of about 2-4 pm and show a relatively strong 
red autofluorescence due to chlorophyll a when illumi- 
nated with blue light. Figure 4 shows an epi-illumina- 
tion picture which is representative for the alignment 
a1 
b )  
C )  
FIG. 1. Illustration of the drying process of a particle suspension on 
a flat plate provided with V-shaped grooves (cross section). (a) shows the 
particle suspension applied to the grooves. As the liquid evaporates, 
the particles are drawn into grooves (b) and are eventually positioned 
on the bottom of the grooves (c). 
achieved with this algae. At the magnification used for 
this picture, small lines in the centre of the record 
grooves with a width of about 1 pm can be seen. This 
line is due to the light reflected by the flat bottom of the 
groove caused by the slightly blunt tip of the cutting 
needle used for cutting the original master record. 
In Figure 5 the same view was photographed with 
fluorescence optics, i.e., excitation around 480 nm and 
emission above 580 nm. Under these conditions only the 
fluorescing algae are observed. The film used is rather 
insensitive to the relatively long wavelength at which 
the chlorophyll a fluorescence is emitted (between 680 
and 720 nm). Nevertheless the algae fluorescence was 
clearly observed without any background signal. Since 
the emission filter used was a 580-nm longwavepass 
filter, this indicates that the fluorescent background of 
the record material (PVC) is very low indeed. 
In order to obtain quantitative information about the 
quality of the alignment achieved with the method de- 
scribed here, we have studied the distribution of the 
positions of the microspheres in the grooves. Two aspects 
have been examined: the deviation of the position of the 
particles from the central bottom line of the grooves, 
and the distribution of the mutual distances between 
the particles, including the relative amount of doublets 
and clusters. We found that both distributions are 
strongly dependent on the solvent used, the average 
distance between the particles in the grooves, and the 
method by which the particle suspension is applied to 
the grooves. 
For a water suspension spread out on the record by 
hand, about 92% of the particles are located, within +2  
pm of the centre of the groove. The distribution of the 
distances between the particles is shown in Figure 6. 
The average distance between particles in this experi- 
ment was about 0.4 mm. At the concentration used, a 
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FIG. 2. Photomicrograph (upperviewj of a “silent” gramophone re- 
cord after a suspension of polystyrene microspheres is allowed to dry 
in the grooves. The grooves appear as dark stripes, whereas the small 
bright dots are due to the microspheres. The bright lines are caused by 
the flat surface of the disk between the grooves. The photomicrograph 
was taken with an epi-illumination microscope, provided with a l o x ,  
0.25 numerical aperature (n.a.j objective. The distance between two 
grooves is approximatley 80 Fm. 
FIG. 3. Photomicrograph of a microsphere suspension dried out on a 
silent gramophone record. Conditions are as in Figure 2 except that a 
larger magnification was used (20 x, 0.40 n.a. objective). The picture 
shows that the microspheres are located precisely in the middle of the 
grooves. 
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FIG. 4. Photomicrograph of a suspension of the unicellular algae 
chlorella vulgaris dried out upon the gramophone record 40 X ,  0.65 
n.a. objective. At this magnification, the small horizontal bottom lines 
present on the bottom of the grooves are clearly resolved. 
FIG. 5. The same picture as in Figure 4 but obtained with fluores- 
cence optics. Excitation between 410 and 485 nm; emission filter: 580 
long wavelength pass. Only the chlorophyll fluorescence of the cells is 
observed. 
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FIG. 6. Histogram of the distribution of the distance between two 
microspheres in the record grooves. The width of each channel is 90 
pm. The relatively large occupation of the first channel is largely due 
to doublets present in the original particle suspension. 
long-play record equipped with grooves of standard size 
can contain about 2 x lo6 particles. Except for the first 
class of the histogram of Figure 6 ,  which is formed by 
particles with a mutual distance between 0 and 80 pm, 
the results are in agreement with a Poisson distribution. 
The relative strong population in the first class is 
mainly caused by doublets: We found that 6% of the 
particles are arranged in doublets. In order to find out 
whether the doublets were caused by the alignment 
procedure or were already present in the original sus- 
pension, we have analysed a suspension of particles with 
our flow cytometer with a conventional hydrodynamic 
focusing cell. When the average distance between the 
flowing particles was taken to be 0.4 mm, we found that 
about 8% of the particles were doublets. Therefore, we 
conclude that, at the concentration used, the drying 
process itself did not appreciably increase the frequency 
of doublets. 
L H  
A further improvement of the quality of the alignment 
method is obtained by avoiding contact between hand 
and record during spreading. This is achieved by rolling 
a large drop of the suspension over the record along the 
grooves. With a freshly prepared particle suspension, 
vortexed carefully to reduce the number of doublets, we 
obtained an alignment where 97% of the particles were 
situated within *2 pm of the centre of the grooves. Only 
3% doublets were found. 
When ethanol was used as a solvent instead of water, 
no good alignment was achieved: Only 72% of the parti- 
cles were properly aligned within 2 pm of the groove 
centre, and the relative amount of doublets was about 
10%. 
APPLICATION OF THE ALIGNMENT METHOD TO 
AUTOMATIC CELL ANALYSIS 
The cell alignment method described above can be 
used as the basis for a new type of cytometer. A possible 
approach is to construct a disk with spiral V-grooves 
like the silent gramophone record used above. On this 
disk the cell suspension is applied and dried. The disk is 
rotated and the cells are illuminated by a focused light 
source. Fluorescence of the individual cells passing 
through the light spot is measured with an epi-illumi- 
nation system and analysed with a multichannel analy- 
ser. We have constructed a prototype of such a cytometer, 
called the cytodisk. The apparatus consists of an optical 
bench with the illumination system, which is connected 
to a record player by an optical fiber as illustrated in 
Figure 7. Green fluorescent microspheres with a diame- 
ter of 3.8 pm are used as test particles and are deposited 
in the silent grooves of the test record as  described 
above. Groove tracking is achieved with a mechanical 
system using a conventional record player equipped with 
a 78-rpm needle. This needle has a rather blunt profile 
so that it does not touch the particles which lie on the 
bottom of the grooves of the 33-rpm test record (see Figs. 
8,9). 
A single core optical fiber is mounted close to the 
* 
FIG. 7. Schematic drawing of the optical arrangement of the cytodisk 
described in this paper. The optical set-up consists of a lamphouse (LH) 
with a 100-W mercury arc lamp, a 500-nm dichroic mirror (DM, Mellis 
Griot swp 013), a l o x ,  0.3 numerical aperture objective, a beam split- 
ter (BS), a photomultiplier (PMT), an ocular (OC) for visual inspection, 
two diaphragms (D), and two filter combinations, F1 and Fz. F1 consists 
of two Schott filters KV399 and BG12, and F2 is a broad band filter 
formed by two long-wavelength pass filters (Schott KV500, OG515) 
and one 600-nm short-wavelength pass filter (Mellis Griot swp 017). 
The record player is a Philips model 020 electronic. 
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FIG. 8. Photomicrograph of the light fiber attached to the 78-rpm 
record needle. The distance between the centre of the fiber and the 
centre of the needle is about 300 pm 
jl 
FIG. 9. Illustration of the mechanical groove tracking and optical 
illumination and detection system used. Due to the blunt profile of the 
78-rpm needle, the particles located at the bottom of the grooves are 
not touched by the needle. 
needle as shown in the photomicrograph (Fig. 8). The 
fiber has a light-guiding inner core of about 50 pm and 
a numerical aperture of 0.2, With this fiber, the bottom 
of a groove is illuminated, while the needle which fol- 
lows the groove also maintains a proper distance be- 
tween the fiber tip and the bottom of the groove (about 
60 pm) during the time the record is being played. The 
other end of the fiber is mounted on an optical bench, 
where the blue excitation light provided by a 100-W Hg 
arc lamp and appropriate filters, is coupled into the fiber 
via a microscope objective ( lox ,  0.30 numerical aper- 
ture). The fluorescence emitted by the particles is col- 
lected by the same fiber, coupled out by the objective, 
and discriminated from scattered light with a dichroic 
mirror and additional filters. A beam splitter directs 
half of the light onto a photomultiplier and half of the 
light onto an  ocular for visual examination (see Fig. 7). 
With this ocular, an image of the fiber end can be 
observed. This facilitates focusing of the excitation light 
on the fiber. When the excitation and emission filters 
used for the measurement are installed, only a very dim 
yellow image of the fiber tip is observed. This is caused 
by some residual light, reflected by the fiber tip, which 
is not totally suppressed by the filters used. When the 
record player needle is put on the record and the record 
is turned very slowly by hand, bright green flashes are 
observed originating from the inner core of the fiber. 
These flashes are caused by the fluorescence from a 
particle as it moves under the fiber tip. When the record 
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FIG. 10. Fluorescence histogram of 3.8-pm green fluorescing micros- 
pheres obtained with the cytodisk described here. A single drop of the 
particle suspension with a concentation of about lo5 particles per ml 
was applied to the grooves. The average mutual distance between 
particles was 5 mm. 
is played at normal speed (33 rpm), the fluorescent light 
flashes are too fast for visual examination, but can be 
detected by the photomultiplier and analysed with a 
multichannel analyser. The record player used operates 
at constant angular speed. This means that the scan- 
ning velocity changes by 4% during the measurement of 
the 30 silent grooves. However, since the fluorescence 
signal is not integrated but the peak height is deter- 
mined instead, this does not influence the measure- 
ments. 
Figure 10 shows an example of a histogram measured 
with the cytodisk obtained with fluorescent micros- 
pheres. The highest peak centered at channel 31 is due 
to single particles and has a coefficient of variation of 
4.1%. The second peak, which contains about 7% of the 
particles, is due to  doublets and particles with a mutual 
distance of less than about 20 pm, which could not be 
resolved with the present optical system. 
DISCUSSION 
In this article we describe a new particle alignment 
procedure which uses alignment of particles in grooves. 
Based upon it, we built a new type of cytometer, the 
cytodisk. 
The force responsible for the alignment of the particles 
is the surface tension force; gravitation forces can be 
neglected for smaIl particles. The direction of the surface 
tension force for particles close to the liquid surface and 
the groove wall is determined by the contact angle be- 
tween liquid and record. Preferably, this angle should 
be larger than 90" so that the particles are driven away 
from the wall. For decreasing values of this contact 
angle, an increasing component of the surface tension 
force is directed toward the groove wall. As a result of 
friction and adhesion, this will increase the chance that 
a particle will stick to the groove side wall instead of the 
bottom. The different results that we obtained with 
water and ethanol as solvents might be explained by 
this phenomenon. The contact angle between water and 
PVC was determined to be BOO, whereas for ethanol and 
PVC the angle is only about 7". Another factor which 
may be of importance is the rate at which the liquid 
evaporates. The vigorous evaporation process of ethanol 
causes relatively large local temperature differences in 
the liquid. This results in a rapid and chaotic movement 
of the particles in the grooves during the drying process, 
as was observed under the microscope. With water, 
which evaporates much more slowly, such a turbulent 
motion was not observed. The possibility of using the 
alignment procedure for cell analysis has been investi- 
gated with the experimental cytodisk of Figure 7. In 
view of the rather simple state of the current apparatus, 
the results obtained (Fig. 10) are very promising and 
demonstrate not only that a cytodisk can be built but 
also that the mechanical tracking system works surpris- 
ingly well. For comparison, we have determined that a 
vertical or horizontal displacement of the fiber of only 
10 pm results in a change of about 15% in the intensity 
of the measured fluorescence. 
For practical applications, however, the mechanical 
groove tracking system used is not suitable. 
First of all, the record must be kept free from dust 
since dust particles will accumulate on the needle and 
can eventually reach the particles and disturb the align- 
ment. Moreover, dust may reach the fiber tip, which 
results in a decrease of the emission signal detected. 
Also, the mechanical tracking results in a difficult posi- 
tioning procedure of the fiber tip. Finally, the relatively 
large dimensions of the area illuminated by the fiber 
limits the particle concentration which can be used be- 
cause of the formation of "ghost" doublets. 
For a practical cytodisk a more sophisticated tracking 
system must be developed. For this, an optical system 
may be used similar to the tracking systems currently 
in use in the video disk and compact disk (2,l). The 
accuracy of these systems is much greater than that 
required for our purpose: the compact and video disks 
follow their tracks with a precision better than 0.1 pm 
in the horizontal direction and better than 1 pm in the 
vertical direction (focus). 
Whether or not the development of such a system is 
worthwhile depends on the potential advantages of the 
cytodisk over existing methods. Apart from the align- 
ment procedure, the cytodisk is very similar to the con- 
ventional flow cytometer. Therefore, we discuss some of 
the advantages and disadvantages of the cytodisk as 
compared to the flow cytometer. 
Easy Multiparameter Measurement 
The cytodisk can be equipped with more than one 
illumination-detection device. Thus, with two or more 
measuring stations, two or more parameters of a single 
cell can be obtained (correlated), since the course of time 
between successive measurements is known. The differ- 
ent measuring stations may be set up to be completely 
independent, without any optical cross-talk. This means 
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that it is possible, for example, to determine for a single 
cell the content of a fluorochrome A excited at around 
500 nm and the content of a second fluorochrome B 
emitting at  500 nm, without problems. With the conven- 
tional flow cytometers this is sometimes difficult to 
achieve since the useful distance between the measur- 
ing stations is restricted to a few millimeters because of 
fluctuations of the hydrodynamic flow system. With the 
cytodisk the number of measuring stations that can be 
applied can be very large, and in principle is limited 
only the physical size of the disk and measuring probes. 
Speed Range 
The speed of the rotating disk can be varied over a 
great range without affecting the quality of the cell 
alignment. The upper limit will be determined by the 
centrifugal force acting on the cells, which will cause 
them to move out of the centre of the grooves. The lower 
limit is only determined by practical considerations such 
as the admissible measuring time and the number of 
cells that must be analysed in order to obtain a repre- 
sentative measurement. 
By decreasing the speed of the disk, the signal-to-noise 
ratio of the measured signal will increase so that faint 
fluorescence can be measured more accurately. With a 
flow cytometer, the linear velocity of the cells usually 
lies between about 1 and 10 mspl as required for good 
hydrodynamic focusing. 
Relocation of Cells 
In a cytodisk the position of the cells is not changed 
during or after measurement. This can be utilized in a 
number of ways, of which we will give a few examples. 
First of all, the cells can be analysed a second time. 
When the measurements are collected in a list mode, a 
comparison between the successive measurements pro- 
vides an efficient control of the reliability of the data. 
This can greatly reduce the noise caused by nonsystem- 
atic errors such as electronic disturbances; this is impor- 
tant for the detection of rare events. Furthermore, re- 
peated measurement of the same disk will improve the 
coefficient of variation (CV) of a histogram in those cases 
where the CV is determined by the statistical noise of the 
measured signal, e.g., at low light levels. In this respect, 
repeated measurement is similar although not com- 
pletely equivalent to measurement a t  a lower rotation 
speed. Another example is to repeat a measurement 
with different optics, i.e., different excitation and/or de- 
tection wavelengths. If the data are collected in list 
mode, multiparameter measurements can be done in 
succession instead of simultaneously. 
As a fourth example, we mention here the possibility 
of locating a previously analysed cell for a second, more 
detailed measurement. To achieve this, the position of a 
cell on the disk (e.g., radial and angular position) must 
be measured together with the optical parameters such 
as fluorescence and scattering and stored in a list mode. 
This allows a two-step analysis of the sample. The disk 
is first analysed at high speed, from which the positions 
of a minor subpopulation of particular cells are deter- 
mined. These cells are then measured again at a lower 
speed to obtain better resolution. 
Finally, a previously analysed cell can be traced for 
visual examination, either directly with a microscope or 
via a TV camera with an epi-illumination system. This 
unique feature of the cytodisk allows a direct correlation 
to be made between the optical parameters of a cell and 
the morphological appearance. 
The cytodisk also has a number of disadvantages, the 
most important of which are the following: 
Cells Not in Suspension 
The principle of cell alignment described here implies 
that the cells are dried. Therefore the morphological and 
functional properties may have changed. However, for 
an analytical cytometer, this is probably not a very 
important restriction since many methods for microscop- 
ical analysis of cells utilize a cell suspension which is 
dried out on a microscope slide. 
One may also expect some problems caused by crystal- 
isation of components dissolved in the suspending me- 
dium. The crystals formed during evaporation of the 
water may cause artificial scatter or fluorescence s ig  
nals and may interfere with the cell alignment process. 
These points need further investigation. Also, if the 
drying process is not sufficiently homogeneous, this may 
have some effect on the cell-to-cell reproducibility. 
No Cell Sorting 
The cytodisk described here can not be used for cell- 
sorting experiments. This is a disadvantage as com- 
pared with the flow cytometer. For most applications, 
however, the sorting capability of the flow cytometer is 
not required. 
CONCLUSIONS 
Evaluating the advantages and disadvantages dis- 
cussed above, we think that it is justified to proceed with 
the development of the cytodisk. We are building an 
improved version of the cytodisk equipped with an au- 
tomatic groove tracking and focusing system. With this 
apparatus we will get better insight into the practical 
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